A transposable element can be defined as a DNA sequence capable of moving to new sites in the genome. Such DNA sequences have been described in a wide range of organisms. The evolutionary processes affecting transposable elements can thus be divided into two categories: changes in sequence and changes in genomic location. As with other types of evolutionary change, the nature of the evolutionary process will be reflected in the extent and type of genetic variation existing in wild populations. Q uantitative models of the evolution of transposable element sequences and positions will be outlined, and related to relevant data.
Introduction
Population genetics has traditionally been based upon the assumption that genetic variability within populations consists entirely of allelic variation at genetic loci which behave in a M endelian way. Even for polygenic characters, on which the individual effects of specific loci influencing quantitative traits cannot be identified, it has nevertheless been understood that the underlying genetic variation consists of simple alternative forms of genes differing by one or a few base pairs in their DNA sequences. The consequences of this assumption has been that m utation rates postulated in population genetics theory have been constant in space and time and, perhaps even more im portantly, sufficiently small that phenotypic changes in the characteristics of populations of organisms are always brought about by natural selection, and not by m utation pressure. The empirical support for this view has been the observed low rates of spontaneous m utation to phenotypically distinct alleles at major gene loci in Drosophila, Escherichia coli, and other genetically well-characterized organisms. These observed low m utation rates have themselves been explicable in terms of the low rate of base substitution in non-mutagenized organisms.
Thus the conclusion of the irrelevance of the rate of m utation to phenotypically im portant (as opposed to selectively neutral) evolutionary change arises from a view that m utation occurs at the low rates associated with base substitutions. However, it is becoming increasingly clear that many characteristics of living organisms, and genome size is only the most obvious of these, must evolve through mechanisms other than the fixation of base substitution mutations. The importance of m utation pressure in such processes is generally not known, but may be significant. This is particularly true of the evolution of the distributions of mobile DNA sequences.
M obile D N A sequences
Around 15% of the genome of a typical eukaryote consists of interspersed repetitive DNA sequences (Bouchard 1982) . It is virtually unthinkable that such repeated sequences could have arisen from unrelated DNA sequences by independent and convergent processes of base substitution occurring at diverse sites in the genome. R ather, these sequences must, at some time, have duplicated and moved to their present locations, and their similarities must be due to their common ancestry. Among the best characterized interspersed repetitive DNAs are those of Drosophila melanogaster (Rubin 1983 ). These sequences have been shown to be mobile in the genome since they differ in their locations between laboratory strains (Young 1979; Strobel 1982) . M any of the 50-100 families of D.melanogaster mobile sequence structure, in that they have a sequence length between 4 and 9 kilobases, and long terminal repeats of 300-500 bases in the direct orientation (Rubin 1983 ). This structure is very similar to that of the integrated proviruses of vertebrate retroviruses. Furthermore, 'virus-like particles' from Drosophila-cultured cells have been shown to contain full-length cop (Shiba & Saigo 1983 ) and circular copia molecules, apparently generated by reverse transcription, have been isolated (Flavell 1984) . Finally, for one e element, 1 7 . 6, DNA sequencing has revealed a retrovirus-like arrangem ent of open reading frames within the element, with the central reading frame encoding a protein homologous to a retroviral reverse transcriptase (Saigo et al. 1984) . If c o p i a -M l ae sequences move to new genomic locations via a retrovi mechanism including the reinsertion of the reverse transcripts of RNAs, two im portant consequences follow. First, there is the possibility that such sequences might be capable of movement between hosts in viral particles. No evidence for such horizontal transfer exists at present. Secondly, if movement between genomic sites occurs via an RNA intermediate, it is essentially certain that the transposition process is replicative. Thus transposition will be associated with an over-replication of mobile sequences relative to the rest of the genome.
This property of over-replication makes Drosophila copia-Wkt sequences archetypal examples of the kinds of sequences discussed by Doolittle & Sapienza (1980) , Sapienza & Doolittle (1981) and Orgel & Crick (1980) in their concept of 'selfish D N A '. They argued that sequences capable of over-replication could spread through genomes and populations without any natural selection in their favour. This is manifestly correct, and thus to understand in a quantitative way the evolution of these sequences there is a need for new types of population genetics theories, and attem pt to produce such theories have begun Charlesworth & Charlesworth 1983; Brookfield 1982a; Hickey 1982; O hta 1981 O hta & K im ura 1981; Slatkin 1985; Doolittle et al. 1984; Ginzberg al. 1984) . Such models share the feature that the rate of m utation (in the form of transposable element movement), and not merely the selection and drift processes acting on the products of mutation, is itself an im portant determ inant of population genetic variation.
O f course, at any specific genetic locus the rate of m utation through transposable element insertion will be low. Even for the most mutable loci in hybrid dysgenesis it is less than 1 % (Simmons et al. 1984; Engels 1983) . This is less than the probable selective coefficients acting against the m utant alleles generated. Thus mutation pressure arising from transposable element insertions will not cause phenotypically deleterious allelic substitutions at individual loci. However, if one considers a different genetic quantity, that of the number of copies of a given transposable element family per genome, then this will have an upwards m utation rate through transposition which will be com parable to the likely effects of natural selection acting upon this trait.
Parasitic DNAs
Sequences that can over-replicate relative to the rest of the genome will be capable of increasing their numbers even if they are selectively harmful. Indeed, if they are not to continue to increase their numbers in the genome there must be some compensating mechanism balancing their accum ulation in transposition. N atural selection against individuals with many copies of a transposable element may act as such a mechanism. Charlesworth & Charlesworth (1983) have studied conditions under which a stable equilibrium can exist between replicative transposition and selection. They show th at the im portant determ inant of such an equilibrium is the relation between the fitness, wn, of an individual with n copies of a transposable element, and n. Assuming a large variation among individuals in transposable element positions (as noted empirically for copia-like sequences by M ontgomery & Langley (1983)), such that variation in copy num ber between individuals within populations is approximately Poisson, they show th at an equilibrium between selection and transposition could exist when
where u is the transposition rate and v the rate of element deletion. An equilibrium value of n will thus be one where the above equation holds. For this to be a stable equilibrium, d 2(ln wn)/dn2 < 0. This can be interpreted intuitively by saying that, for a stable equilibrium, fitness must decline more than multiplicatively with copy number. The implication of this is th at if a transposable element arises in a species, it will increase its abundance in the genome until such a stable equilibrium copy num ber is reached. Since selection will be acting at this point, there will be a genetic load suffered by the host species. The load will be approximately 1 -e~^u~v^n, where n is the mean element copy num ber at equilibrium. This genetic load implies that the elements are harmful, or, in other words, parasitic. Furtherm ore, while little genetic load is induced by a like sequence family, with n = 30-50, and (u -v) much less than 104 (as shown by the observed low rate of movement of these sequences), there would seem to be no reason a priori why there should not be other host species or elements for which the num ber of elements needed before equilibrium is attained is sufficiently large to impose a very great genetic load on the host species. Indeed, there may not be an equilibrium reached and transposable elements may increase without limit, reducing host fitness to zero.
If, however, interspersed repetitive DNAs are parasitic, why have hosts not themselves evolved mechanisms to eliminate them, thereby increasing their own fitness? One answer could be that the interspersed DNAs are well-adapted parasites and, as such, have been capable of overcoming any host attem pt to delete them. However, such an explanation is clearly entirely circular, since our identification of interspersed repeats as well adapted is merely due to the observation that they do, in fact, persist. It cannot therefore, in itself, explain such persistence.
The problem, therefore, is that the view that organisms, parasitic or otherwise, are all well adapted fails to produce predictions of the natures or abundances of parasitic DNAs that compete with their hosts. This is a general and quite intractable problem It is equally apparent in considerations of predator-prey or herbivore-plant interactions. A predator, for example, cannot be specifically well adapted to its prey species without those features of its prey to which it is adapted thus being necessarily m aladaptive to the prey. A naive concept of pan-adaptationism is not merely unproductive in such a case; it is actually self-contradictory.
Thus considerations of the nature of parasitism cannot lead to empirical predictions of w hat proportion of the genome should consist of over-replicating DNA sequences and w hat structures they should show. It is possible, however, to take a more mechanistic view of such sequences and to make testable predictions of observable phenomena based upon assumptions about the dynamic properties of given sequences.
V ariation in the genomic locations of transposable elements
W hat kinds of testable predictions can be made concerning transposable element distributions based upon dynamical models? One type of prediction has been of the frequency spectrum of transposable element sites in a finite population of hosts. In finite populations, genetic drift will act on each generation and genetic variability will be lost. This loss will be balanced by mutation, to produce an equilibrium level of variability. For transposable element position variation, the variation-generating process is transposition to new sites. Langley et (1983), and Charlesworth & Charlesworth (1983) have produced models of the population dynamics of transposable elements in a finite host population. They assume that elements transpose replicatively at a rate that varies negatively with copy number, that they are neutral with respect to natural selection and that they are also subject to a deletion process that precisely excises elements from the genome. They define this latter process as being at a copynumber-independent rate of (i per copy per generation. Thus when the that the rate of transposition per element has been reduced to there will be no expected change in copy number. Langley et al. (1983) further assume an effectively occupiable genomic locations for transposable elements, so that repeated transpositions do not go to the same site, an assumption relaxed by Gharlesworth & Charlesworth (1983) .
Langley et al. (1983) show that, provided there is a low rate of immigration into the popu lation, so that elements do not stochastically become extinct, there will be an equilibrium established with a characteristic frequency spectrum of sites. They show that the expected number of sites in the genome which have frequencies in the range from x to x + is
where A is the expected number of transposable elements per haploid genome, and 6 = 4 Aeya, where Ne is the effective population size of the host. This is a result analogous to the familiar infinite alleles frequency distribution of single-locus population genetics theory (Kimura & Crow 1964) , and which forms a special case in the more general model of Charlesworth & Charlesworth (1983) . Computer simulations confirm the accuracy of this equation, which essentially predicts great variability between individuals in transposable element position with 6> 1, and very little variabilit Montgomery & Langley (1983) have carried out situ hybridization experiments with the transposable elements 297, copia, and 412 as probes to 20 X chromosome population of Drosophila melanogaster. Their data set is shown in table 1. There is very great variation between the X chromosomes studied in the position of the transposable elements, and 6 estimates (produced by using the statistical techniques of K aplan & Brookfield (1983)) were 16.7 for 2 9 7, 35.0 for 4 1 2, and 48.3 for copia. A problem, however, exists with d ata of this ki In situ hybridization does not perm it the exact localization of homologous sequences on the chromosome. An observed site could be anywhere within a region o f 50-100 kilobases ofD N A . Thus, possibly, transposable element sites apparently shared by two or more chromosomes in the sample could in reality be different sites sufficiently close together to be indistinguishable by the experim ental technique. A calculation of how frequently such mis-sco rings of sites might arise can be based upon a value for the ' effective num ber of distinguishable sites ' on the X chromosome of around 100. T he postulated mis-scoring events would be expected to occur sufficiently frequently to account for all the observations of sites shared between chromosomes (K aplan ). The 0 values given above thus considerably underestim ate the true values. Drosophila melanogaster X chromosomes are thus extremely variable in their transposable element positions.
T a b l e 1. D is t r ib u t io n o f t h r e e t r a n s p o s a b l e e l e m e n t s in a s a m p l e o f X c h r o m o s o m e s
SAMPLED FROM A WILD POPULATION OF D R O S O P H IL A M E L A N O G A S T E R
sites occupied in a sample of 20 chromosomes To w hat extent are D. melanogaster transposable elements typical of interspersed repetitive DNA sequences in eukaryotes? Most other interspersed repetitive sequences are shorter than those in D. melanogaster. In the hum an genome the most abundant interspersed repetitive sequence is the Alu sequence (Jelinek & Schmid 1982) , which is approximately 290 base pairs in length and found around 300000 times per haploid genome. Despite evidence for the mobility of this sequence (Jagadeesw aren et al. 1981; Hess et al. 1983 ) copies appear to be constant in position in population samples. For example, there are eight copies of the Alu sequence in the normal hum an P-like globin gene cluster (Allan & Paul 1983) but, in each of at least 250 haplotypes for the cluster examined to date all these copies but no others have been found (Jeffreys 1979; Antonorakis et al. 1984) . The Alu sequence, therefore, does not provide a means of testing any prediction of the frequency spectrum except by noting that its invariance corresponds to a 6v alue very much less than 1. A sequence interm ediate in mobility between Alu and copia appears to be the interspersed repetitive sequence of D.heteroneura of less than 2.2 kilobases which has been cloned on plasmid pD h 3.5M (H unt et al. 1984) . This sequence shows a minority of sites of situ hybridization shared between species of H awaiian Drosophila, which indicates less positional variation than between D. melanogaster individuals for copia-\\kt sequences.
DNA SEQUENCE EVOLUTION IN TRANSPOSABLE ELEMENT FAMILIES
The presence of homologous DNA sequences scattered throughout the genomes of higher organisms as interspersed repetitive DNAs implies that these sequences are, or have been in the past, capable of moving to new genomic locations. Transposition has thereby had the effect of creating scattered DNA sequences of shared descent. The predictions for the frequency [ 31 ] 15 Vol. 312. B spectrum of transposable element sites given above are based upon an explicit model for the dynamics of transposition. Such a transposition model should, in addition, be capable of forming the basis of a model for the relation between transposable elements at different sites. O hta (1984, 1985) has produced models for the effect of unbiased gene conversion and duplicative transposition (which have quantitatively similar effects) on the expected identity coefficients of non-allelic transposable element copies. A further model has been produced by Slatkin (1985) . Brookfield (1985) has considered the analogous question of the expected time to a common ancestor for copies of a transposable element family from different genomic locations. A prediction of this time, T, can be derived from the model of Langley additional assumption that all copies of a transposable element family are functionally equivalent in their transposition and deletion probabilities. The predicted value of T is given by f= ,i(i±0) 2 This is the expected time to a common ancestor for transposable elements from different genomic locations. Thus, if transposable element sequence evolution is largely neutral, and occurs at a rate of V nucleotide changes per nucleotide per generation, one would expect two randomly chosen copies of the transposable element family to differ by a proportion 2 TV of their bases. This figure, will, of course, only be accurate if it is considerably less than 1. This can be illustrated by the consideration of special cases. The Drosophila sequences yield high 6 estimates, and so T x 4^ = 2NPA.
2/i
e As A is 20-50 for these sequences, and Kreitm an (1983) estimates the Drosophila melanogaster effective population size as 3 x 106, T will be around 108 generations. In conjunction with known rates of Drosophila sequence evolution Bodmer & Ashburner 1984) this time is broadly consistent with the reported 5 % sequence divergence between copia-like sequence family members (Spradling & R ubin 1981) .
For the Alu sequence in man, 6 estimates will be low, thus T « and, since fi is unknown but very much less than the reciprocal of the value of of at least 104, and, since A = 300000, T > 1010 generations. This is an absurdly high estimate of the time to a common ancestor and indicates that Alu sequence must be homogenized by further processes in addition to the expected homogenization by drift arising through the independent transpositions of 300000 functionally equivalent sequence copies. Candidates for such processes include biased gene conversion (and some evidence for Alu sequence conversion is known (Hess et al. 1984) ), the selective replacement of all Alus by a new variant with a transpositional or conversional advantage, contractions and expansions in the size of the Alu sequence family, and a process in which only one or a few Alu sequences serve as templates for all the others (Ullu & Tschudi 1984; Leigh Brown 1984) .
U nderstanding of the processes whereby transposable DN A sequences come to be homogeneous will come through the systematic statistical analysis of DNA sequences of elements from many species and many families, and through the biochemical characterization of the transposition process.
T he ecology of transposable elements
In Drosophila there are probably between 50 and 100 separate transposable element families which are all capable of movement to new genomic locations. Such families, in some cases (see, for example, Karess & R ubin 1984) encode transacting functional products. O thers may move using transpositional m achinery encoded by other elements or by host genes. The elements coexist in the environm ent comprising the chromosomes and cellular constitutions of, most crucially, the germ cells of their host species. They can be viewed accurately, if trivially, as being analogous to species in a complex ecological community. An im portant question in understanding their biology, therefore, is the extent to which elements of different sequence families interact with each other, and the extent to which their properties are dependent on the host genotype. M uch evidence has accum ulated to suggest that sequences are rem arkably functionally independent. The fact th at the different copia-Y\ke sequence families are flanked by short direct repeats of their target site DNAs of lengths characteristic for a family implies independence of the transpositional machineries used by different sequences (Spradling & R ubin 1981) . For some m utations generated by transposable element insertions, the suppressability of such a m utation by a specific m utation at another locus is dependent upon the transposable element inserted and not upon the locus th at is m utated (Jackson 1984; Modolell et al. 1983) . The two systems of hybrid dysgenesis, I -R and P -M , are caused by non-homologous transposable DNA sequences (R ubin et al. 1982; Bucheton et al. 1984 ) and a independent in their effects (Kidwell 1979) .
Nevertheless, it would seem probable that, since most transposable element families are long-established components of the Drosophila melanogaster genome (Dowsett 1983; M artin et al. 1983; Brookfield et al. 1984) they might have evolved so as to interact in various ways. There is evidence th at the sequences copia(R ubin et al. 1982) a.n& gypsy ( ) (Gerasimo move at elevated rates during P -M dysgenesis, and, indeed, it appears that in some conditions there may be the simultaneous transposition and deletion of many transposable element families . In our laboratory we have isolated a strain of melanogaster with a P -M hybrid dysgenesis-generated unstable m utation at singed which can revert somatically to wild type, giving areas of wild-type tissue in a singed fly. The genetics of this destabilization of singed are not fully elucidated, but we have shown that the instability does not m ap to the X-chromosome, and thus is not due simply to a m utational change in the presumed P-element located at singed. We have yet to show, however, whether this unusual somatic destabilization process results from a m utated host function or through the effects of a P-factor or P-element located elsewhere in the genome. In general terms, it may be possible to isolate many m utations in the host that will interfere with the functioning of transposable elements.
M any of the mutations that have arisen spontaneously in Drosophila melanogaster laboratory stocks over the last 70 years, and that have formed the basis of the study of Drosophila genetics, have been shown to be due to the insertion of transposable elements into or near structural genes. One im portant question concerns the extent to which such transposable element insertion mutations are used in adaptive evolution. If many spontaneous mutations are transposable element insertions, one would expect that occasionally such mutations may prove selectively advantageous, and, as a result, become fixed in the population by natural selection. Consequently, homology to the transposable element at a particular chromosomal site will come to be shared by all individuals in the population. Thus, it is paradoxical that in situ hybridization experiments have failed to demonstrate any site occupied by the same transposable element insertion in all members of the D. melanogaster species. W hy should it be that transposable element insertion mutations are not used in adaptive evolution? It cannot be that there is some feature shared by the phenotypes of transposable element insertion mutations which, in itself, makes such mutations invariably harmful, since M ackay (1984) has shown that genetic variability for polygenic characters, and not merely mutations of major effect, can be created by transposable element insertions. The phenotypic consequences of insertions will depend upon their locations relative to structural genes, and some must be potentially advantageous to an evolving species.
The resolution of this dilemma may lie, in part, in an imprecise excision process whereby transposable elements may be deleted along with part of the sequences flanking the insertion site, thus removing the transposable element sequence homology but not an advantageous m utant phenotype. Alternatively, it may be that the lack of fixed transposable element insertion sites truly reflects a low rate of adaptive evolution by the fixation of transposable element insertion mutations. It may indeed be that the overall rate of adaptive m utant substitutions per genome, which is a fundam ental but quite unknown param eter of the evolutionary process, is itself as low as this supposed rate of adaptation through insertion m utation would suggest. 
